ABSTRACT
M
oyamoya disease is a cerebrovascular disorder characterized by steno-occlusion of the supraclinoid internal carotid, proximal anterior, and middle cerebral arteries. The entity is discernible on cerebral angiography, on which these findings are frequently associated with a characteristic collateral network at the base of the brain. 1, 2 In addition, leptomeningeal anastomoses from the posterior circulation and transdural anastomoses from the external carotid artery can develop to preserve cerebral perfusion. [3] [4] [5] Patients present with transient ischemic attacks, ischemic strokes, intracranial hemorrhage, seizures, and/or headaches. 6, 7 Its natural history, while variable, is typically relentlessly progressive. Surgical revascularization has emerged as an effective treatment to prevent future ischemic episodes. 1, 3, 8 Revascularization procedures can be characterized as either direct (eg, superficial temporal artery to MCA [STA-MCA] bypass), indirect (eg, encephaloduroarteriosynangiosis), or combined. 3, 9 While direct bypass shows no benefit over medical therapy for treating atherosclerotic disease, 10, 11 it continues to be successfully used for Moyamoya disease. The overwhelming majority of these procedures are uncomplicated, with low perioperative morbidity. 9 Rarely, ischemic complications can lead to disability or death. In the present study, we tested whether preoper-ative imaging and cerebrovascular reserve (CVR) assessment can identify patients at higher risk of severe early ischemic postoperative complications.
MATERIALS AND METHODS

Patient Population
We performed a retrospective case-control study, comprising populations drawn from the 279 adult patients with Moyamoya disease who underwent 438 STA-MCA bypasses at Stanford University between 2005 and 2010. These patients underwent a standardized, extensive preoperative work-up, including cerebral angiography, MR imaging, and CVR assessment. All patients were participants in an ongoing Moyamoya disease study, for which institutional review board approval and informed consent were obtained. All procedures were in accordance with institutional guidelines. Our analysis focused on 2 subgroups of the full cohort. Given our interest in CVR, patients were eligible for inclusion if they had a diagnostic pre-and postacetazolamide xenon-enhanced CT (XeCT) study as part of their preoperative assessment. The index cases are patients with severe ischemic complications. We defined "severe ischemia" as a postoperative infarct of Ͼ15 mL on diffusion-weighted imaging coupled with new symptoms within 1 week of surgery. The control cases are patients with no new postoperative symptoms, even if transient, and no new DWI lesion of any size on postoperative MR imaging.
Imaging
All patients had preoperative MR imaging and XeCT imaging within 1 month of surgery. "Acute infarct" was defined as high DWI signal, confirmed on apparent diffusion coefficient maps to exclude T2 shinethrough. Postoperative MR imaging with DWI was performed in all patients within 1 week of the operation. Infarct volume was calculated by using automated software (RApid processing of Perfusion and Diffusion; iSchemaView, Stanford, California). 12 Cerebral hemodynamic assessment was performed by using pre-and postacetazolamide XeCT CBF imaging. The study was performed by using a LightSpeed 8-detector scanner (GE Healthcare, Milwaukee, Wisconsin) integrated with a stable xenon-enhancer system (Enhancer 3000; Diversified Diagnostic Products, Houston, Texas). Following an initial noncontrast CT, 4 contiguous 10-mm sections, aligned with the orbitomeatal axis and beginning at the level of the basal ganglia, were obtained. Images were acquired at 45-second intervals during which the patient breathed a mixture containing 27% stable xenon gas. CBF in units of milliliter/100 g/min was calculated by using the Kety-Schmidt method as implemented by the manufacturer's (Diversified Diagnostic Products) software. This software also permits the brain to be segmented into peripheral mixed cortical ROIs in each section (Fig 1) . The regions were combined on the basis of anatomic territories to generate values for 4 vascular territories: right and left, anterior (anterior and middle cerebral artery territories) and posterior regions. 13, 14 Cerebrovascular reserve assessment was performed by using CBF values obtained before (pre) and 20 minutes following (post) 1 g of acetazolamide administered intravenously. CVR is defined as CVR ϭ CBF post Ϫ CBF pre CBF pre and expressed as percentage change. In the normal brain, acetazolamide will produce a 30%-60% CBF increase. 15 However, in Moyamoya disease, areas of the brain under ischemic stress may demonstrate an insufficient response to vasodilatory stimuli or even a paradoxically decreased postacetazolamide CBF, known as the "steal phenomenon."
STA-MCA Bypass
The surgical technique of the STA-MCA bypass has been described in detail previously. [16] [17] [18] In brief, the frontal or parietal branch of the STA is anastomosed end-to-side with an M4 MCA branch. Graft patency is confirmed intraoperatively, and strict blood pressure control is maintained throughout the operation. Care is taken to avoid significant hypotensive periods intraoperatively. Patients are maintained on aspirin and kept well-hydrated postoperatively with close hemodynamic monitoring. [16] [17] [18] In pa- tients with bilateral disease, staged unilateral operations are typically performed 1 week apart.
Statistical Analysis
Differences between index and control groups were assessed by using the Mann-Whitney U test. Sex correlation was evaluated by using the 2 test. Because the presence of preoperative infarcts, CVR, and postoperative infarcts may vary between hemispheres, analyses were further performed in each right and left anterior and right and left posterior territory. Because several patients underwent bilateral bypasses, assessment of these variables using an ipsilateral/contralateral convention was not possible and a right/ left distinction was used. When practical, measured parameters such as CBF and CVR were combined to produce anterior and posterior values. Predictors of preoperative augmentation were tested with univariate Wilcoxon rank sum tests and multivariate mixed-effects linear regression with patient as the random effect.
Predictors of postoperative infarct were tested with univariate and multivariate generalized linear model regression adjusted for clustering within patient. Because of the low frequency of strokes, a loglog link was used instead of the usual logit link. For univariate and multivariate regression, we dichotomized CVR to a greater than or less than 10% CBF increase 19 and Ͻ0% increase (cerebrovascular steal). All statistical analyses were performed by using STATA 13.1 (StataCorp, College Station, Texas).
RESULTS
Six index cases (with 3 patients undergoing bilateral surgeries for 9 bypassed hemispheres) and 25 control cases (with 36 bypassed hemispheres) were identified. Demographic data and preoperative imaging characteristics for each group are presented in Table 1 .
DWI Analysis
The mean size of the postoperative DWI lesions in the index group was large (95 Ϯ 55 mL). Figure 2 shows representative MR images from each index patient demonstrating the infarct patterns, which were not restricted to the bypassed territory and often involved both cortical and subcortical structures. On preoperative MR imaging, 4 of the 6 index cases (67%) had small acute infarcts. In 3 patients, there were bilateral anterior territory infarcts preoperatively, and the fourth patient had a small left anterior infarct (Fig 2) . One patient (patient 5) had an acute infarct 3 months before surgery, which was not considered because no acute infarct was present on the immediate preoperative MR imaging. No posterior territory infarcts were observed before surgery. No control patient had a preoperative infarct.
To test whether the presence of an acute preoperative DWI lesion and/or impaired CVR correlated with the presence and location of postoperative infarcts, we evaluated 124 vascular regions in 31 patients (4 in each patient: left and right, anterior and posterior circulation). Of 8 anterior circulation territories with preoperative infarcts, 5 developed postoperative infarcts. Of 3 additional postoperative anterior circulation infarcts, 2 were contralateral to the preoperative DWI lesion. Overall, the presence of a preoperative DWI lesion was a strong predictor of postoperative infarct (OR ϭ 9.8; 95% confidence range, 2.2-44.2; P ϭ .003; Table 2 ).
CBF and CVR Analysis
Baseline anterior CBF showed a nonsignificant trend toward being lower in index patients (median, 36.6 versus 50.2 mL/100 g/min; P ϭ .14) but a significant difference in CBF following acetazolamide administration (median, 34.3 versus 63.7 mL/ 100 g/min; P ϭ .007). This finding corresponded to lower anterior circulation CVR in the index patients compared with controls (median, Ϫ0.4% versus 26.3%, respectively; P ϭ .003). There was no difference between groups for posterior circulation baseline CBF or CVR, in keeping with the known tendency of Moyamoya disease to preferentially involve the anterior circulation. In addition, within each hemisphere, there was significantly lower preoperative CVR in the regions with postoperative infarctions (Fig 3) . Figure 4 shows an example of normal augmentation in a patient in the control group. Figure 5 highlights index patient 3, with poor anterior augmentation, with additional evidence of reduced flow-related enhancement on an MR angiogram within the contralateral ICA following bypass, suggesting widespread hemodynamic changes following bypass.
Univariate and Multivariate Analyses by Hemisphere
Although preoperative DWI lesions showed the largest effect size as a predictor of postoperative infarct, impaired preoperative CVR (Fig 3) was also a highly consistent and significant risk factor for postoperative infarcts in univariate analysis by region (Table  2 ). This held true regardless of whether CVR was considered a continuous variable (OR ϭ 0.97; 95% CI, 0.96 -0.98; P Ͻ .001) or There were strong interactions between these predictors. For example, with the Wilcoxon rank sum analysis, the presence of a preoperative infarct strongly predicted impaired augmentation (Ϫ12.7% versus 31.2%, P Ͻ .001). As such, we asked whether preoperative infarcts and impaired CVR may be independent risk factors. The results of multivariate generalized linear model regression adjusted for clustering are shown in Fig 6 . Different probability fit curves depict the presence and absence of preoperative infarcts; the presence of preoperative infarct (red) shifts the curve up the probability axis relative to no preoperative infarct (blue). The best model incorporated the presence of a pre-bypass infarct and impaired CVR (Ͻ10% increase) ( Table 3) .
DISCUSSION
While the risk of developing a large infarct is very low following STA-MCA bypass, a small subset of patients do experience this complication shortly after the operation. Our results suggest that certain features evident on preoperative imaging may be related to this clinical outcome. While baseline CBF does not differ between the index and control groups, both univariate and multivariate regression analyses demonstrated that CVR is significantly lower in patients who develop large postoperative infarcts. Multiple prior studies suggest that reduced CVR is an independent risk factor for stroke. 20, 21 A recent meta-analysis demonstrated a significant positive relationship between reduced CVR and stroke risk in patients with carotid stenosis or occlusion, with an odds ratio of 3.86. 22 Despite this relationship, it is not immediately clear why patients would experience strokes so soon after revascularization.
One potential explanation for the observed infarcts is that any surgical procedure represents a physiologic stress that portends an elevated risk of ischemic complications. Indeed, for this reason, a cardiac stress test is routinely performed in patients considered at high risk before surgical intervention. a The reported odds ratio is the effect of a 10 mL/100 g/min increase in absolute CBF change, a 10% increase in percentage difference for CBF change. For example, for absolute CBF change in the anterior circulation, for every increase of 10 mL/100 g/min (ie, better augmentation), there is a 12% decrease in the odds (ie, 0.88) that the patient will be in the index (ischemic complications) group. The rationale behind operative intervention in patients with Moyamoya disease is that for the long term, the risk of ischemic events will be lowered. As such, patients with reduced CVR may benefit the most. Indeed, the presence of reduced CVR appears to promote the success of revascularization. In a study assessing the postoperative course of patients with Moyamoya disease who underwent bilateral encephaloduroarteriosynangiosis, revascularization occurred selectively in areas of reduced CVR, 24 suggesting that abnormal CVR may itself promote angiogenesis. With time, this possibility is obviously advantageous. However, during an operation or in the immediate postoperative period, during which mean flow through the microanastomosis increases 5-fold (from 4.4 to 22.2 mL/min), 9 the balance of cerebral hemodynamics may be very fragile. Increased flow related to the bypass may paradoxically represent a new hemodynamic stress and induce altered perfusion parameters by competing with the underlying stenotic vasculature and the native collateral network. This concept has been explored in prior studies, in part to account for the presence of postoperative perfusion abnormalities contralateral to the bypass. 1, 6 Indeed, it has previously been shown that increased STA flow following bypass is correlated with a higher incidence of postoperative infarct, 9 though it is not clear whether this association is causative or correlative. As in our study, infarcts have been reported both ipsilateral and contralateral to the most recently revascularized hemisphere. The concept of competitive flow might further explain the prominent changes in vascular flow dynamics following bypass in several of the index cases. For instance, a postoperative MR angiogram obtained in 1 patient (Fig 5) demonstrated new decreased flow-related enhancement in the bilateral anterior and right posterior communicating/posterior cerebral artery territories, which was confirmed as a change on cerebral angiography. It is possible that such rapid progression could arise in response to hemodynamic changes related to the flow through the new bypass in conjunction with altered perfusion parameters in the setting of a large acute infarct.
Most of the index cases demonstrated small acute infarcts on MR imaging examinations performed shortly before the operation. On univariate and multivariate analyses, the presence of a preoperative acute infarct was found to be a significant and independent predictor of infarct in the postoperative period. Most interesting, although the DWI lesions predicted the vascular territory in 5 of 8 anterior circulation territories, 2 anterior circulation infarcts occurred contralateral to the preoperative DWI lesion. These occurred in patients with large infarcts after the first bypass but who had significant contralateral stenosis and poor CVR. While such spatially removed infarcts may be explained by the hemodynamic changes described above, systemic factors (such as alterations in platelet function) may render a patient with recent infarcts more generally susceptible to a postoperative infarct than would be expected on the basis of vascular pathology alone. In addition, while hypotension was strictly avoided during the operation, other operative stresses, such as cortisol release and platelet activation, may collectively contribute to perioperative ischemia. Whether delaying operative revascularization to allow infarct evolution/stabilization in such high-risk patients would have altered the postoperative course is presently unknown because our data were collected as part of the preoperative work-up of operative patients and similar data were not available to assess the effect of acute infarct and impaired CVR on a matched nonoperative patient cohort. Nonetheless, the risks B, Postoperative MR imaging within the first week after bypass revealed an extensive new infarct involving the right MCA territory and a portion of the right PCA territory. We believe that the posterior circulation involvement was due to the presence of a large posterior communicating artery on this side. C, Preoperative MR angiography reveals severe steno-occlusive disease involving the right-greater-than-left supraclinoid ICAs with complete occlusion of the right M1 MCA segment. D, MRA obtained after revascularization demonstrates a patent right STA-MCA bypass but decreased conspicuity of the patient's native vasculature, despite the study being performed on the same scanner. In particular, there is no appreciable flow-related enhancement in the bilateral anterior cerebral arteries or in the right posterior communicating or posterior cerebral artery, and there is continued occlusion of the right MCA. While the changes seen could be multifactorial and could be related to changes in other factors, such as sedation or intracranial pressure, we suggest that the hemodynamic changes related to the operation may have caused worsening of the patient's tenuous native right-sided arterial circulation, particularly given the lack of significant changes on the left side. and benefits of delaying the operation in patients with ongoing ischemic change must be carefully weighed, given the inherently progressive nature of Moyamoya disease. Prior researchers have noted the association between preoperative infarct and perioperative complications in Moyamoya disease. In a review of 165 adult patients (undergoing 265 revascularization procedures), Hyun et al 25 found that the presence of a preoperative diffusion abnormality was significantly correlated with 19 perioperative infarcts. However, most of these complications were transient in nature and occurred primarily in indirect revascularization procedures. By comparison, our series assesses variables associated with large, clinically significant infarctions in patients undergoing direct bypass, a distinctly less well-studied patient population. There are several potential limitations to our study. The first is its retrospective design and the relatively small number of index cases. Our institutional morbidity associated with cerebral revascularization is low, and despite a large number of bypasses, only a small number of patients with large postoperative infarcts were available for analysis. To maximize the power of this small patient cohort, we analyzed multiple vascular territories in each patient independently, while correcting for clustering. We also performed multivariate analysis, maximizing our ability to detect meaningful predictors of postoperative infarct. Second, this analysis focused on 2 smaller subsets of a larger group of patients with Moyamoya disease. The study was specifically designed in this manner to identify factors associated with profound operative morbidity relative to the optimal clinical outcome.
While prior studies have assessed factors associated with transient postoperative neurologic deficits, 26 our index patients represent a small, relatively unstudied subgroup. Given the low risk of postoperative stroke in this patient population and the fact that most of these strokes tend to be small, investigation of the factors that lead to severe infarcts was deemed most clinically relevant. Nonetheless, additional patients who underwent bypass at our institution included those with either small postoperative diffusion abnormalities (often clinically asymptomatic) or those with mild or transient neurologic symptoms. Further studies are ongoing to address contributors to adverse outcomes in these larger patient cohorts. Only acute (DWI with positive findings) preoperative infarcts were considered in the evaluation of preoperative risk factors because only acute infarcts could be consistently evaluated in all patients. Although 4 of the 6 index cases had acute preoperative infarcts, another index patient had a small infarct on a 3-month preoperative scan, which was subacute on immediate preoperative MR imaging. Although the presence of subacute infarcts could not be consistently evaluated for all patients in this study, we cannot exclude the possibility that the presence of subacute infarcts could also portend a worse prognosis. Finally, we used XeCT CBF measurements for the CVR measurements. While XeCT is considered a reference standard method, others have proposed the use of MR imaging-based perfusion measurements. 27 Regardless of the methodology, our results underscore the importance of quantitative assessment of CVR to identify patients at high risk for stroke. Thus,
we are now investigating the use of MR perfusion with and without acetazolamide, which, if comparable, may represent a technique more amenable to widespread use outside specialized centers.
CONCLUSIONS
Our results indicate that an acute infarct on preoperative MR imaging and the presence of impaired CVR can help identify the small subset of patients with Moyamoya who experience a severe ischemic complication following extracranial-intracranial bypass. 
